In recent years the Darrieus wind turbine concept has been adapted for use in water, either as a hydrokinetic turbine converting the kinetic energy of a moving fluid in open flow like an underwater wind turbine, or in a low head or ducted arrangement where flow is confined, streamtube expansion is controlled and efficiency is not subject to the Betz limit. Conventional fixed pitch Darrieus turbines suffer from two drawbacks, (i) low starting torque and (ii) shaking due to cyclical variations in blade angle of attack. Ventilation and cavitation can also cause problems in water turbines when blade velocities are high. Shaking can be largely overcome by the use of helical blades, but these do not produce large starting torque. Variable pitch can produce high starting torque and high efficiency, and by suitable choice of pitch regime, shaking can be minimized but not entirely eliminated. Ventilation can be prevented by avoiding operation close to a free surface, and cavitation can be prevented by limiting blade velocities. This paper summarizes recent developments in Darrieus water turbines, some problems and some possible solutions. 
Nomenclature
c chord length (from leading edge to trailing edge of blade) C P coefficient of performance (= power produced ÷ kinetic energy flux intercepted) C Q coefficient of torque (= C P /λ) n number of blades r turbine radius α angle of attack λ tipspeed ratio (ratio of blade velocity to ambient current velocity) θ circumferential position of blade relative to position where blade is travelling directly upstream ("azimuth angle" in vertical axis wind turbine terminology) σ solidity = nc/r
Introduction
The Darrieus vertical axis wind turbine concept attracted considerable research interest in the late 1970s and 1980s, but has never competed successfully with horizontal axis wind turbines. In recent years there has been growing interest in hydrokinetic turbines, i.e. water turbines which convert the kinetic energy of flowing water rather than relying on a "static head" or difference in pressure across the turbine. These may operate in river, tidal or marine current flows. Examples include MCT's axial flow turbine (1) shown in Fig.1 , and variable pitch Darrieus designs such as the Italian Kobold turbine (2) (Fig.2) and the large ring gear turbine concept of Salter and Taylor (3) . They are directly analogous to wind turbines in that the maximum energy they can capture in open flow is governed by the Betz limit, i.e. 59.3% of the kinetic energy in the intercepted flow for a single actuator disk (axial flow turbine) or 64% for a double actuator disk, i.e. cross flow turbine (4) , due to the divergence of the streamtubes in unconfined flow. However Salter and Taylor (3) have argued that turbines in a densely packed array across a channel of limited cross sectional area are effectively in a partially confined flow, and higher efficiencies might be achievable. Unlike wind turbines, water turbines are also subject to ventilation and cavitation at high flow velocities, so blade tipspeed ratios are limited. There is also interest in Darrieus-type turbines for ultra-low head confined flow applications, where flow is not able to go around the turbine. Examples include Blue Energy Canada Inc's Tidal Fence, Fig. 3 (5) , and the low head hydro concept of Furukawa and Okuma (6) , shown in Fig.4 . In these designs streamtube expansion through the turbine can be prevented and energy is extracted from a pressure drop, as in conventional hydro and tidal barrage turbines, rather than from a reduction in flow velocity as in wind turbines. Thus they are not subject to the Betz limit and higher efficiencies can be achieved, but they require that the complete flow area be channeled through the turbine, which is not practicable in all situations. Between the two extremes of open flow and fully confined flow, turbines can be placed inside a duct in open flow to create a small pressure drop across the turbine. The designs of Tidal Energy Pty Ltd (7) , (Fig.5 ), New Energy (8) and Ponta and Dutt (9) are examples of Darrieus turbines in a duct, while Clean Current (10) have a ducted axial flow turbine (Fig.6 ).
These all use a simple venturi type duct, except for the design of Tidal Energy Pty Ltd which uses a series of foil-shaped slats for boundary layer control to prevent flow separation in a short, wide angle diffuser. By suitable design of this duct, the power output of a given turbine can be augmented by a factor of three (11) . 
Darrieus water turbine problems
Cross flow Darrieus hydrokinetic turbines have some advantages over axial flow turbines. These include the following: 1.
With axis oriented vertically they can directly drive a generator above water level.
2.
In a tidal flow they are insensitive to changes in flow direction.
3.
A row of turbines on a common horizontal shaft can sweep a wide, shallow channel and they do not need to yaw in a reversing tidal flow.
4.
Blades are untwisted and of uniform cross section, so they can be extruded at low cost. However they also have some problems. These are discussed below, and solutions are suggested.
2.1 Self-starting. Conventional fixed pitch Darrieus turbines, whether in wind or water, suffer from low or negative torque at low tipspeed ratios as shown in Fig.7 . This can prevent the turbine from accelerating up to operating speeds, a significant drawback at a tidal site where slack water normally occurs four times per day, twice at high tide and twice at low tide, and the turbine must start again as the flow velocity increases. If it does not start until the tide is running strongly, a lot of energy is lost. torque at low tipspeed ratios (12) .
2.2 Shaking. Unlike axial flow turbine blades, the blades of a fixed pitch Darrieus turbine are subjected to continuously changing angles of attack as the turbine rotates ( Fig.8, left) , which generate changing fluid dynamic forces (Fig.8, right) , so the turbine tends to shake. This can be a very serious problem if the frequency of shaking coincides with the resonant frequency of the support structure. Also it is potentially more of a problem in water than in air, due to the incompressibility of water. Darrieus wind turbines with two blades have been observed to shake alarmingly (13) (14) , but the first author has tested several prototype
Darrieus wind turbines with three variable pitch blades and has not experienced any problems with shaking. It was expected that the same would be true for water turbines with three or more blades, and two ducted variable pitch Darrieus water turbines tested by Tidal Energy Pty Ltd in Queensland, Australia in 2003 and 2005 (11) experienced no obvious shaking problems. However these tests were done at ambient current velocities less than 0.7 m/s, so forces were small and shaking may have been present. A Darrieus water turbine with three fixed pitch straight blades ( Fig.9 ) was tested in much more demanding conditions in currents up to 5 m/s by Coastal Hydropower Corporation in Canada in 2007 (15) and was found to vibrate or shake severely. This led to an examination of ways to prevent or minimize shaking. 2.3 Ventilation and Cavitation. These two terms are often confused. Ventilation is caused by sucking in air from a free surface, while cavitation is caused by vaporisation of water. Both are caused by reduced pressure due to local high water velocities, and both can adversely affect the performance of water turbines. Axial flow turbines can be designed for any desired tipspeed ratio, so those designed for high current speeds can avoid excessive water speeds by using low tipspeed ratios. But Darrieus turbines should operate at tipspeed ratios high enough to avoid blade stall, which occurs when the angle of attack exceeds about 15°. Thus they should be designed to operate at λ > 3 (Fig.8, left) . 
Possible solutions
Some possible solutions to the problems outlined above are discussed below.
Improving torque at low tipspeed ratios
Various measures to improve low speed torque have been discussed in Refs (16) , (17) in relation to wind turbines, and the same principles apply to water turbines. These include 1. Increased solidity. Fig.11 shows how the power output of a fixed pitch turbine with higher solidity is higher at low speeds, indicating higher torque. However it will also be seen from Fig.11 that efficiency suffers if the solidity is too high. This is a result of blade stall, since the tipspeed ratio for optimum efficiency is lower, about 2.2 for the turbine with solidity σ = nc/r = 0.84. From Fig.8 (left) it will be apparent that fixed pitch blades will stall at this tipspeed ratio. 2.
Cambered blades can improve starting performance at low Reynolds numbers, but peak performance suffers, as shown in Fig.7 (12) (18) .
3. Inclined blades. Baker (19) has shown that inclined blades can improve starting performance because they stall less abruptly, but it appears that a large inclination of the order of 45° is necessary to ensure good starting, and this may not be practicable.
4.
Helical blades, which are effectively inclined blades wrapped around the surface of an imaginary cylinder, may produce slightly higher starting torque than an equivalent straight blade Darrieus turbine due to (i) the evening out of torque fluctuations with θ, and (ii) less abrupt stall of inclined blades, as discussed by Baker. However starting torque will not be high unless variable pitch blades are used, and it is not possible to pitch helical blades.
5.
Turbines connected to generators which can also operate as motors can be motored up to speed, so lack of low speed torque is not necessarily a serious problem, but the system design is simplified if the turbine will reliably self-start. 6 .
Variable pitch blades can produce high starting torque and low speed torque combined with high peak efficiency, as shown in Fig.12 , in which "γ = 0" denotes fixed pitch and the other three curves are for different pitch amplitude limits. Literature on variable pitch vertical axis wind turbines is summarized in Refs (17) , (20) . 
Reducing or eliminating shaking

Helical blades.
Coastal Hydropower Corporation tested a Gorlov Helical turbine with three blades, each covering 1/6 of a turn (Fig.9) , using an identical test procedure to that used with the straight blade Darrieus. Its performance was similar to that of the Darrieus except that it did not shake noticeably, which is to be expected, since elements of each blade cover a range of circumferential positions at any given moment. If three blades each wrap around 1/3 of a turn, then the net force on the whole turbine will be essentially independent of circumferential position, although there will be some variation in force at each end.
3.2.2
Large number of straight, fixed pitch blades. In theory, the more blades there are, the more the fluctuations in resultant force on the turbine with circumferential position will average out. However more blades entail more fabrication and cost, and either higher solidity or smaller chord length. As observed above, performance suffers if solidity is too high, and small chord length means blades are less mechanically strong. Blade chord Reynolds number also decreases, with resulting decrease in performance of small turbines in slow flows.
3.2.3
Variable pitch regime. Variable pitch can produce large starting torque ( Fig.12 ) and high efficiency, but shaking forces can be very high, as shown in Fig.13 . 
Parametric study to minimize shaking.
In order to reduce these shaking forces, a parametric study was undertaken with the aim of minimizing shaking forces without significantly reducing performance. This work was initially based on a new passive pitch control mechanism which allows blades to pitch when the angle of attack reaches a desired limit. A cam-driven active pitch control system, which can produce any desired pitch regime and hence any desired angle of attack regime at a given tipspeed ratio, was also studied. The pitch control mechanisms, methodology and findings of this study will be reported in more detail in a forthcoming paper, but a brief summary is given below. The procedure was: Define a shaking parameter, either maximum deviation from mean force or average deviation from mean force.
3.2.4.4
Multi-objective memetic algorithm to minimise shaking parameter without significantly reducing efficiency.
3.2.4.5
Examine plot of shaking force vs. circumferential position and identify changes to pitching regime to reduce peaks. 0018 profile for various α.
Avoiding cavitation and ventilation
Ventilation. As the water velocity increases, pressure energy is converted to kinetic energy, the pressure drops and the surface level also drops by an amount called the velocity head V 2 /2g. If the flow velocity is uniform the surface remains flat, but if the local velocity is higher or lower, for example around a bridge pier, the local water level will be lower or higher than the surrounding level. Local high velocities occur where the fluid accelerates to get around the convex sides of hydrofoils (Fig.15) , resulting in reduced pressure. Under certain conditions air may be sucked into the water (Fig.10) . This can occur with boat propellers, upsetting the flow dynamics and reducing performance, and the same thing can happen with a hydrokinetic turbine at a shallow depth below a free surface.
Cavitation. Ventilation is prevented in the absence of a free surface, but cavitation will still occur if the local pressure falls below the vapour pressure of water. In this case pockets of water vapour form in low pressure regions, and these can not only upset the flow dynamics and performance as in the case of ventilation, but as the pressure varies with θ and α, they tend to implode and erode blade surfaces. Thus the surface level above the leading edge of the blade will tend to drop by (7.35 -0.46) = 6.89 m relative to the surrounding water. If the blade is submerged by less than 6.89 m below a free surface it will tend to ventilate by forming a vortex at this point, as shown in Fig.10 . But it will not cavitate as it will still experience an absolute pressure equivalent to atmospheric less 6.89 m of water, i.e. about 0.3 bar, which is much higher than the vapour pressure of water at normal temperatures. This calculation would have to be repeated for a range of current velocities, tipspeed ratios and circumferential positions to fully assess the likelihood of ventilation or cavitation. Thus ventilation can be avoided by placing a turbine under a solid surface rather than under a free surface. Ventilation and cavitation can be prevented by submerging the turbine well below the surface and/or keeping blade velocities reasonably low. Fixed pitch Darrieus turbines must maintain λ > 3 to avoid stall (Fig.8 ) so as to achieve good performance. Thus it is impossible for a fixed pitch turbine near the surface to achieve good performance in a high velocity current, since performance will be limited by stall at low λ and by ventilation and/or cavitation at high λ. However variable pitch can prevent stall at low λ and so avoid this dilemma.
Conclusion
Darrieus water turbines have applications at river and tidal sites, both in open flow and with low static head. They have some advantages over axial flow turbines: they can easily drive a generator above water level, they do not need to yaw in a reversing tidal flow, and blades are untwisted and of uniform cross section, so they can be extruded at low cost. However they also have some disadvantages, mainly related to self-starting, shaking and ventilation and cavitation. It is argued that helical turbines can eliminate shaking but fixed pitch turbines cannot produce high starting torque, nor can they achieve good performance in strong currents. However variable pitch turbines can produce high starting torque and high peak efficiency, and with suitable choice of pitch regime, shaking can be kept within acceptable limits.
